Transient cerebral ischemia in normoglycemic animals is followed by a decrease in glucose utilization, reflecting a postischemic cerebral metabolic depression and a reduction in the activity of the pyruvate dehydro genase complex (PDHC ). Preischemic hyperglycemia, which aggravates ischemic brain damage and invariably causes seizure, is known to further reduce cerebral met abolic rate. To investigate whether these effects are ac companied by changes in PDHC activity, the postisch emic cerebral cortical activity of this enzyme was inves tigated in rats with preischemic hyperglycemia (plasma glucose 20-25 mM). The results were compared with those obtained in normoglycemic animals (plasma glu cose 5-10 mM). The activated portion of PDHC and total PDHC activity were measured in neocortical samples as the rate of decarboxylation of [14C]pyruvate in crude brain mitochondrial homogenates after 5 min, 15 min, 1 h, 6 h, and 18 h of recirculation following 15 min of incom plete cerebral ischemia. In normoglycemic animals the fraction of activated PDHC, which rises abruptly during
ischemia, was reduced to 19-25% during recirculation compared with 30% in sham-operated controls. In hyper glycemic rats the fraction of activated PDHC was higher during the first 15 min of recirculation. However, after 1 and 6 h of recirculation, the fraction was reduced to val ues similar to those measured in normoglycemic animals. Fifteen of 26 rats experienced early (1-4 h post ischemia) seizures in the recovery period. The PDHC activity ap peared unchanged prior to these early postischemic sei zures. We conclude that the accentuated depression of postischemic metabolic rate observed in hyperglycemic animals is not coupled to a corresponding postischemic depression of PDHC. The relative increase in the fraction of activated PDHC in the early recovery phase in hyper glycemic animals probably reflects either increased intra mitochondrial calcium levels or persistent increases in the NADH/NAD and/or ADP/ATP ratios. Key Words: Brain-Hyperglycemia-Ischemia-Pyruvate dehydro genase complex.
the potential across the inner mitochondrial mem brane. To explain delayed neuronal damage and its relation to cellular calcium accumulation (see Di enel, 1984) , it was postulated that transient isch emia causes plasma membrane damage, with in creased calcium cycling and a sustained rise in the free cytosolic calcium concentration (Cal+), which causes gradual mitochondrial overload (Desphande et aI., 1987) .
Preischemic hyperglycemia aggravates brain damage following transient cerebral ischemia (for recent review, see Siesj6, 1988b) . The hyperglyce mic animals display postischemic seizures, show in creased tissue edema, develop a unique lesion of the substantia nigra, and show an alteration in the evolution of the brain damage (see Smith et aI., 1988; Folbergrova et aI., 1989) . The worsening of the outcome is assumed to be related to the accu-mulation of lactate plus H+ (see Siesjo, 1988a) . It cannot be excluded, though, that the acidosis ag gravates the impact of the calcium transient.
The likely involvement of calcium in ischemic cell damage justifies efforts to assess calcium related events, particularly in the recirculation pe riod. The pyruvate dehydrogenase complex (PDHC) is an intramitochondrial enzyme complex that participates in the decarboxylation of pyruvate and formation of acetyl-CoA (Reed, 198 1) . The PDHC is controlled by interconversion between an active dephosphorylated and an inactive phospho rylated form (Wieland, 1983; Reed and Yeaman, 1987) . If the NADH/NAD, ATP/ADP, and acetyl CoAiCoA ratios and potassium ion levels are con stant, changes in intramitochondrial calcium con centration (Ca� +) are mainly responsible for the net change in the phosphorylation state of PDHC and thus modulate its enzyme activity (Hansford and Castro, 1985) . Under conditions of elevated Ca;+ concentration, the Ca� + levels increase and PDHC becomes activated (Baudry and Lynch, 1985; Den ton and McCormack, 1985; Hansford, 1985) . The phosphorylation state of PDHC may thus indirectly reflect Ca; + .
Following transient forebrain ischemia in normo glycemic rats, neocortical metabolic rate for glu cose (CMRglc) is depressed to -50% of control over long periods (Pulsinelli et aI., 1982) . Previous re sults from this laboratory have shown a postisch emic decrease of PDHC activity in crude mitochon drial fractions from cerebral cortex (Cardell et aI., 1989) . This decrease may reflect the metabolic de pression, but does not support the assumption of a raised Ca;+ and slow mitochondrial overload. Re cent results demonstrate that animals with preisch emic hyperglycemia show a further postischemic depression of CMRglc compared with normoglyce mic ones (Kozuka et aI., 1989) . In view of these results, we compared changes in the PDHC activity following ischemia under normoglycemic and hy perglycemic conditions to establish if the depres sion of metabolic rate in the postischemic phase correlates with a depressed PDHC activity.
MATERIALS AND METHODS

Experimental animals and operative and sampling techniques
All experiments were performed on fasted adult male Wistar rats (280-390 g) of an S.P.F. strain (M�llegaard's Breeding Center, Copenhagen, Denmark). The housing and experimental procedures have been extensively de scribed (Lundgren et aI., 1990) . Anesthesia was induced with isoflurane and N20 in O2, whereafter the animals were intubated and placed on a respirator. A jugular vein and a tail arterial catheter were inserted and a string was placed around each common carotid artery. Needle elec trodes for EEG recording were inserted and temperature probes were placed outside the skull bone and in the rec tum to help regulate body and brain temperature between 37.0 and 37,YC. The animals were allowed a steady-state period of 30 min, during which the hyperglycemic groups were given a glucose load (0.92 g kg -1 body wt) for 5 min followed by a slower infusion (0.039 g kg -1 min -1) by intravenous infusion of a 25% glucose solution. The nor moglycemic groups were given an identical volume of saline solution.
After the steady-state period, the glucose (or saline) infusion and isoflurane administration were discontinued, whereafter ischemia was induced by bilateral carotid ar tery occlusion and central venous exsanguination to a blood pressure of 50 mm Hg. After the ischemia brain circulation was restored by removal of the carotid clamps and reinfusion of shed blood. Animals studied after 5 and 15 min of recirculation were kept intubated and paralyzed with tubocurare, until their brains were frozen according to Ponten et al. (1973) . Animals with longer recovery pe riods were extubated and later reanesthetized, para lyzed, and ventilated for 30 min before freezing.
Measurement of PDHC activity
The determination of PDHC activity was slightly mod ified according to previous work from our laboratory (Cardell et aI., 1989) . In summary, dissected neocortical tissue (200-300 mg) was homogenized in a mixture of 290 mM sucrose, 1 mM ethy leneglycol bis(aminoethyl ether)tetraacetate (EGTA), 2.5 mM dichloroacetic acid (DCA), and 0.01 mM mercaptoethanol in 10 mM Tricine buffer, pH 7.4, on ice at 800 rpm with 10-15 strokes. The solution was diluted three times with the same mixture. Following dilution the solution was centrifuged at 1,300 g for 3 min at 4°C and a supernatant was obtained that was divided into two halves. These were centrifuged at 20,000 g for 10 min and washed with 290 mM sucrose and 1 mM mercaptoethanol in 10 mM Tricine buffer, pH 7.4. One pellet, used for determination of the active fraction of the PDHC complex (PDHC Act)' was dissolved in a mixture of DCA, NaF, EGTA, and 0.2% Triton X-l00 in Tricine buffer, pH 7.9. The mixture was then sonicated and in cubated. The other pellet, used for determination of the total PDHC activity (PDHCTot), was dissolved in a mix ture of DC A, CaC I2, MgCI2, dinitrophenol, and 0.2% Tri ton X -100 in Tricine buffer. This mixture was also soni cated and incubated. After incubation aliquots of the ho mogenates were added to an assay mixture of EGTA, thiamine pyrophosphate, NAD, dithiothreitol, CoA, lac tate dehydrogenase, phosphotransacetylase, and MgCl2 in Tricine buffer and incubated at 25°C for 2 min. The reaction was started by addition of [l_14C]pyruvate (100 cpm/pmol; Amersham) in tracer amounts to yield a final pyruvate concentration of 0.5 mM. The liberated 14C02 was captured on a filter paper soaked in tissue solubilizer. The reaction was stopped by adding trichloroacetic acid. The filter paper was subsequently transferred into a scin tillation solution and counted. Protein content was deter mined according to Lowry et al. (1951) . The PDHC ac tivity was expressed in units per milligram protein (l unit = 1 nmol 14C02 min -1) or as the fraction of PDHC in active form (fraction PDHC Act)'
Experimental groups and statistics
In all, 82 animals were analyzed for PDHC activity (see Table 1 ). The data obtained and the physiological param eters were analyzed using analysis of variance with a post hoc Dunnett test. Differences between comparable nor moglycemic and hyperglycemic animals were evaluated with Student's t test.
RESULTS
Physiological parameters
All physiological parameters were within normal range except the intentional increase in glucose lev els in the hyperglycemic groups ( Table I) . 
Behavioral changes
PDHC activity in normoglycemic animals
The PDHCTot was 17. 1 ± 2. 1 (mean ± SD) units mg protein -1 in sham-operated, normoglycemic an imals (Fig. lC) . No change in PDHCTot was seen after 5 min to 18 h of recirculation following 15 min of ischemia. The PDHCAct was 5.2 ± 1.0 units mg protein -I in sham-operated animals or = 30% of the total activity (Fig. lA) . During recirculation the PDHCAct was depressed. The fraction PDHCAct de creased to 0.25 ± 0.04 after 5 min and to 0.20 ± 0.03 after 15 min of recirculation. It then remained at 0.20 ± 0.0 1 and 0. 19 ± 0.03 after 1 and 6 h of re circulation, respectively. Also after 18 h of recircu lation following 15 min of ischemia, the fraction PDHCAct was significantly depressed to 0.22 ± 0.03. The corresponding value measured in animals subjected to 10 min of ischemia was 0.25 ± 0.03.
PDHC activity in hyperglycemic animals
The changes in the PDHC activity in the hyper glycemic animals are shown to the right in Fig Values are means ± SD. Temperature, glucose concentration, Pac02, PaoZ' and pH were measured 5 min before ischemia or after a corresponding steady-state period in sham-operated animals. Blood pressure was recorded before isoflurane administration was dis continued. The animals were divided into normoglycemic (N) or hyperglycemic (H) groups analyzed 30 min after a steady-state period in the sham-operated animals (SH), after 15 min of ischemia followed by 5 min, 15 min, 1 h, 6 h, and 18 h of recirculation and after 10 min of ischemia and 18 h of recirculation (18* h).
a Value different from control (p < 0. 05). When PDHC Act was compared between normo-and hyperglycemic animals, there was no difference between the two sham-operated groups or at any timepoint after recovery. However, when the frac tion of active PDHC was compared, the ratio was significantly higher in the hyperglycemic animals at 15 min of recovery (p < 0.01).
DISCUSSION
This study confirms the previously reported post ischemic depression in PDHC activity in normogly cemic animals (Cardell et al., 1989) and extends the observation to 18 h of recovery. In addition, our present results show that PDHC activity was re-1. LUNDGREN ET AL.
duced by similar amounts (but not more) in hyper glycemic animals. During the first 15 min of recir culation, the fraction PDHC Act seemed higher in hyper-than in normoglycemic animals. In the later recovery periods, neither the PDHCAc t nor the frac tion PDHC Act was significantly different from that in normoglycemic animals. The reduction of PDHC activity thus did not correlate with the more pro nounced metabolic depression in the hyperglycemic rats compared with normoglycemic ones.
The following discussion will focus on the rela tionship between postischemic PDHC activity, postischemic metabolic depression, and cellular calcium homeostasis. Initially, we briefly summa rize the coupling between normal cellular metabo lism, intracellular calcium, and PDHC activity.
Regulation of PDHC
The regulation of PDHC activity is achieved by differential activation of PDHC kinase and PDHC phosphatase. The degree of activation of PDHC ki nase and PDHC phosphatase will determine the steady-state phosphorylation of the regulatory a-subunit of PDHC, and thus the PDHC activity.
The PDHC kinase and PDHC phosphatase are reg ulated by cations, reactants and products of the PDHC-catalyzed reaction, and energy metabolites (Reed and Yeaman, 1987) . The kinase is mainly af fected by NADH, ADP, acetyl-CoA, pyruvate, Mg2 +, and K + (Sheu et aI., 1984; Reed and Yea man, 1987) , while the PDHC phosphatase is depen dent on Mg2+ and Ca2+ (Sheu et aI., 1983) . The net PDHC activity in vivo is thus influenced by cyto solic cations and by the ATP/ADP, NADH/NAD, and acetyl-CoAICoA ratios. Knowledge about PDHC stems mainly from studies on other tissues, and regulation of PDHC in intact brain mitochon dria is not fully understood and may be different (see Lai and Sheu, 1985; Kauppinen and Nicholls, 1986) .
The PDHC activity is influenced by insulin con centration (Murthy and Baquer, 1980; Rinaudo et aI., 1986) . Insulin may induce the release of a pep tide that stimulates PDHC phosphatase (Baudry and Lynch, 1985) or decrease the synthesis of either a protein activator or the kinase molecule itself (Kerby and Randle, 1982; Reed and Yeaman, 1987) . Since PDHC activity is regulated by so many fac tors, it is adventurous to assume a tight coupling between metabolic rate, Ca?+, and PDHC activity, particularly in the postischemic period. However, there seems to be a good correlation between post ischemic CMRglc (Pulsinelli et aI., 1982) and PDHC activity in normoglycemic animals (Cardell et aI., 1989; present results) . Furthermore, since PDHC activity markedly increases during ischemia, when cells are flooded with calcium, it is tempting to as sume that activation of the PDHC during ischemia and its deactivation during recirculation are caused by an increase and a decrease, respectively, of Ca�+. We recognize, though, that this assumed chain of events is not compatible with our previous speculation about a postischemic rise in Ca� + .
Clearly, information about postischemic Ca� + val ues is required.
In discussing postischemic events in animals with preischemic hyperglycemia, we will assume that the relevant factor for regulation of metabolic rate is the PDHCAc t > while the fraction PDHCAc t is what best reflects regulation of PDHC activity by calcium and other factors. The observed lack of a further de crease in PDHC activity after a period of ischemia in hyperglycemic subjects, whose postischemic CMRglc is further depressed (Kozuka et aI., 1989) ,
probably reflects a more complex situation. One ex planation could be that a persistent insulin action on the PDHC during the recirculation obliterates an actual additional depressed PDHC activity. How ever, insulin levels are normalized after 30 min of recirculation under both glycemic conditions (Lundgren et aI., 1990) . It is tempting to speculate that Ca�+ is extruded at a slower rate during recir culation in hyperglycemic subjects. Thus, both pHi and pHe are normalized at a slower rate in hyper than in normoglycemic animals (Smith et aI., 1986) , and low pH can be assumed to retard extrusion of Ca2+ by ATP-dependent transport oir 3 Na + ICa2+ exchange (see Siemkowicz and Hansen, 1981; Di polo and Beauge, 1982; Siesj6, 1988b) . It is not in-conceivable, therefore, that the slower decline in the fraction of PDHC activity in active form could be related to such a slow clearing of calcium from cells. In principle, a relative reduction in ATP/ADP and/or NADH/NAD ratio would have the same ef fect; however, results obtained under similar con ditions do not support this possibility (Hillered et aI., 1985) . It remains to be shown how other mod ulators of PDHC activity influence the results ob tained.
In summary, our results show that the fraction of activated PDHC in hyperglycemic animals declines at a slower rate in the recovery period and then reaches values similar to those measured in normo glycemic ones, in spite of the further reduction in metabolic rate. It is obviously an open question how these events relate to changes in Caf + .
